1.. Introduction {#S1}
================

In the past decades, more and more attention has been paid to the imaging method based on thermoacoustic effect \[[@ref001], [@ref002], [@ref003], [@ref004]\]. In the thermoacoustic effect, a biological tissue is irradiated in an electromagnetic field. The tissue absorbs some electromagnetic energy, and then because of thermo elastic expansion it subsequently leads to ultrasonic wave emission. The acoustic waves are related to the properties of the tissue, and could be collected by the ultrasound transducers setting around the tissue \[[@ref005], [@ref006]\]. Photoacoustic imaging \[[@ref007], [@ref008]\] and microwave-induced thermoacoustic imaging \[[@ref009], [@ref010]\] are two imaging modalities based on the thermoacoustic effect. Photoacoustic imaging, which uses light as excitation source, is only suitable for superficial applications. Compared with photoacoustic imaging, microwave-induced thermoacoustic imaging, which uses microwave radiation, obtains deeper penetration. The imaging depth depends on the tissue properties and the electromagnetic frequency used for irradiation. In principle, using lower frequencies can achieve deeper penetration \[[@ref011]\].

To explore a potential imaging method for deeper penetration, Zheng et al. have theoretically studied the feasibility using radio frequency magnetic field below 20 MHz to electric conductance or magnetic nanoparticles targets to modulate thermoacoustic imaging, called magnetically mediated thermoacoustic imaging (MMTAI) \[[@ref012], [@ref013]\]. A metal sample was used to experiment with, and the theromacoustic imaging was obtained, which was similar to the sample in terms of shape, and a coherent frequency domain method was discussed in great detail. The imaging method has broad prospects for the development of thermoacoustic imaging using low frequency magnetic field, and it has been preliminarily proved by the results of numerical simulation and physical experiment. In this paper, we report a new imaging method called Applied Current Thermoacoustic Imaging (ACTAI). In ACTAI, a $\mu$s width pulse current is injected into the biological tissue. The biological tissue absorbs the Joule heating, thereby destroying the thermodynamic equilibrium inside it and then the tissue expends and emits ultrasonic waves. The thermoacoustic waves can reflect the conductivity distribution. Meanwhile, the large differences of electrical characteristics can be used to reflect the physiological and pathological changes about biological tissues, and it can provide evidence for the early diagnosis and treatment of cancer in potential applications \[[@ref014], [@ref015], [@ref016], [@ref017]\]. In this paper, one thermoacoustic image of a piece of pork was obtained for the first time, which reflects the conductivity change of the pork well. Compared to ACTAI, MMTAI needs high-power excitation to generate an alternating electromagnetic field inducing current inside the tissue. In contrast, ACTAI only needs a small safe current passing through the tissue. Therefore the equipment of ACTAI is simpler and more convenient for deeper penetration. In this paper, for the first time the principles of ACTAI are presented. The simulation in a sample is demonstrated, in which the acoustic signals and a B-scan image are shown. The experimental method and setup are presented in the experiments section, and the ACTAI signals and an image from pork are also given.

2.. Theory {#S2}
==========

A theoretical analysis shows that the acoustic pressure has a relationship with the conductivity of the target, which is described by a detailed deduction. The conceptual framework of ACTAI is shown in Fig. [1](#thc-28-thc209007-g001){ref-type="fig"}. In ACTAI, the target is injected in a Gauss pulse current. This produces one pulse electric field $\text{𝑬}{(r^{\prime},t)}$ inside the target, where $r^{\prime}$ is the location in it. The regions of A and B are the injection electrodes. The electric potential of A is $U{(t)}$ and the potential of B is 0. The injection current pulse used in ACTAI is an approximate microsecond level current. The target is an isotropic and homogeneous medium and its conductivity distribution is $\sigma{(r^{\prime})}$. Both the target and transducer are covered with the transformer insulation oil, and the conductivity of insulation oil is zero. Under the quasi-static field, the governing equations for the boundary condition that the target satisfies could be described as follows:

$$\left\{ \begin{array}{l}
{{\nabla \cdot {({\sigma{\nabla\phi}})}} = 0} \\
{{\phi|}_{A} = {U{(t)}}} \\
{{\phi|}_{B} = 0} \\
{\left. \frac{\partial\phi}{\partial n} \right|_{\Gamma\backslash A\backslash B} = 0} \\
\end{array} \right.$$

Figure 1.The principle of ACTAI.

where $\Gamma$ and $\phi$ denotes an outer boundary of the target and an electric scalar potential of the target, respectively. According to Eq. ([1](#S2.E1)), the $\phi$ can be obtained. The electric field of the target could be represented as ${\text{𝑬}{(r^{\prime},t)}} = {- {\nabla\phi}}$, on the basis of the Helmholtz Theorem. Thus the current density in the target is ${\text{𝑱}{(r^{\prime},t)}} = {\sigma\text{𝑬}{(r^{\prime},t)}}$, which leads to the absorption of Joule heating. The heating function is defined as the energy absorbed per unit volume of time, denoted by $Q{(r^{\prime},t)}$. Its expression is:

$${Q{(r^{\prime},t)}} = {Q{(r^{\prime})}I{(t)}}$$

where $Q{(r^{\prime})}$ is the spatial absorption function and $I{(t)}$ is the time description function \[[@ref018], [@ref019], [@ref020], [@ref021]\]. The spatial absorption function \[[@ref022]\] is defined as ${Q{(r^{\prime})}} = {{{\text{𝑱}{(r^{\prime})}} \cdot \text{𝑬}}{(r^{\prime})}} = {\sigma{|{E{(r^{\prime})}}|}^{2}}$, in which $E{(r^{\prime})}$ is the electric field at the position of $r^{\prime}$. After absorbing Joule heating, the target emits thermoacoustic waves because of instantaneous expansion. The generation and propagation of the thermoacoustic signal for ACTAI is described by the general thermoacoustic wave equation:

$${{{\nabla^{2}p}{(r,t)}} - {\frac{1}{c_{s}^{2}}\frac{\partial^{2}}{\partial t^{2}}p{(r,t)}}} = {- {\frac{\beta}{C_{P}}\frac{{\partial Q}{(r^{\prime},t)}}{\partial t}}}$$

where $c_{s}$ denotes the acoustic velocity, $C_{P}$ denotes the specific heat capacity, $\beta$ denotes the isobaric volume expansion coefficient, and $p{(r,t)}$ is the sound pressure of time of $t$ and in the position of r. In Eq. ([3](#S2.E3)), the acoustic wave propagation is described in the left side, whereas the acoustic source term is the term of the right side. The acoustic signals can be received by ultrasonic transducers located around the target to image.

The sound pressure $p{(r,t)}$ in the position of $r$ could be obtained by Green's function \[[@ref023], [@ref024], [@ref025], [@ref026], [@ref027]\], which is:

$${p{(r,t)}} = {\frac{1}{4\pi}{\int{\int{\int{\frac{\beta}{C_{P}}Q{(r^{\prime})}\frac{{\partial I}{(t)}}{\partial t}\frac{\delta{({t - {{|{r^{\prime} - r}|}/c_{s}}})}}{|{r^{\prime} - r}|}{dr^{\prime}}}}}}}$$

where $\Omega$ is the whole integration area including the all sound sources, r is the transducer position, and $\text{𝒓}^{\prime}$ the sound source position. By the electric field near and in the target, Eq. ([4](#S2.E4)) is the basic formula to work out the sound pressure. The simulated or experimental signal is then used to reconstruct the spatial absorption function distribution $Q{(r^{\prime})}$ as described in the next section.

3.. Numerical simulation {#S3}
========================

In order to verify the theory of ACTAI, the coupling analysis of electromagnetic field and acoustic field for low conductivity simulation model was carried out using the finite element method. In order to simulate tumor tissue surrounded by healthy tissues, the simulation sample was made by putting a square tumor tissue with 1 cm length into a rectangle healthy tissue with a size of 30 mm $\times$ 40 mm. The conductivity of the square tumor tissue and rectangle healthy tissues are set to 5 S/m and 1 S/m, respectively, which is shown in Fig. [2](#thc-28-thc209007-g002){ref-type="fig"}a. Coupling acoustic waves, using transformer insulation oil immerse the simulation model and the transducer, and the conductivity of the oil is 0 S/m. The velocity of sound wave of the transformer insulation oil was measured to be 1400 m/s, so the sound velocity is prescribed as 1400 m/s in the simulation. In the simulation of the sound field, it is assumed that the acoustic properties of the model and the oil are uniform, and the acoustic waves are not scattered, reflected and attenuated during the propagation. The expression of the voltage applied to the target is set to be ${V{(t)}} = {100e^{- {{{({t - b})}^{2}/2}c^{2}}}}$, in which $b = {5 \times 10^{- 7}}$ and $c = {1 \times 10^{- 7}}$, whose waveform is shown in Fig. [1](#thc-28-thc209007-g001){ref-type="fig"}. The center frequency of the transducer is 1 MHz. The gap space between the center of the target and the sound transducer is 2 cm, meaning the location of the sound detector is (20, 0) mm.

Figure 2.The results of the simulation in the ACTAI. (a) The conductivity distribution in the target. (b) Normalized waveforms obtained by its detector.

Figure 3.B-scan image of the simulation model.

The signals received by the detectors are the convolution of the sound pressure and the impulse response of the sound transducers in practical experiments. So the simulation signals are processed with the convolution of the pressure to agree with the experiments. The normalized waveform detected by the transducer is obtained by Eq. ([4](#S2.E4)) and shown in Fig. [2](#thc-28-thc209007-g002){ref-type="fig"}b. 3.5 $\mu$s is the appearance time of the wave clusters and 25 $\mu$s is the ending time of the wave clusters. It conforms to the propagation time of the sound waves from the two peripheral edges of the healthy simulation target to the ultrasonic detector. The second wave cluster is about at 10.7 $\mu$s, which coincides with the time of the sound wave propagation, and this time corresponds to the healthy-breast boundary to its transducer. The third cluster is about at 17.8 $\mu$s which coincides with the time of the sound wave propagation, and this time corresponds to the breast-healthy boundary to its detector. It proves that the sound pressure is generated by the simulation target, and it can also reflect the conductivity changes information of the target.

The transducer is moved in the line $x =$ 20 mm of y direction from $-$24 mm to 24 mm in the step of 1 mm to acquire data. The B-scan image of this model was produced from the acoustic signals as shown in Fig. [3](#thc-28-thc209007-g003){ref-type="fig"}, which shows the target structure. It displays the boundary changes of the conductivity.

Figure 4.Schematic view of the ACTAI system.

4.. Experiments {#S4}
===============

To verify the feasibility of this method, the ACTAI experiments have been conducted using phantoms and pork. The abridged general view of the experimental system is shown in Fig. [4](#thc-28-thc209007-g004){ref-type="fig"}. In the experiment, to couple the sound waves, the transformer insulation oil was put in a plastic container to an established height for immersing the transducer and the target. The sound velocity of the transformer insulation oil is measured as 1400 m/s. The target is well fixed on a rotation mechanism and remains the same horizontal height as the center axis of the detector. The current excitation consists of a signal generator and a power amplifier, applying 1 $\mu$s Gauss pulsed current into the target. The excitation pulse is a square pulse signal of width 1 $\mu$s and a repetition frequency of 20 Hz. The amplitude of voltage is set to 100 V. A plane ultrasonic transducer (A303S, Olympus, Waltham, USA), a proposition noise ultrasound amplifier (5058R, Olympus) and a virtual digital oscilloscope (DSO7052A, Agilent, Santa Clara, USA) compose the acoustic detection system. The transducer is used to detect the acoustic signals from the target, then the amplifier is used to amplify signals with 60 dB. The signals later are collected and displayed by the digital oscilloscope for processing.

Figure 5.Gel phantom model. (a) Schematic diagram of the gel phantom and the transducer. (b) Acoustic waveform from the gel phantom.

Figure 6.Schematic diagram of the pork and the transducer.

In the experiments, the model was made of 10% cooled salinity gel as shown in Fig. [5](#thc-28-thc209007-g005){ref-type="fig"}. The phantom is buckled from the rectangular A1 model with a small rectangular A2. The length and width of A1 are 14 cm and 3 cm respectively. The length and width of A2 are 1.5 cm and 1 cm respectively. The distance between the boundary L1 of A1 and A2 is 0.7 cm. The distance between the boundary L2 of A1 and A2 is 1.3 cm. When the positional relationship between the phantom and the transducer is shown in Fig. [5](#thc-28-thc209007-g005){ref-type="fig"}a, the distance between the interface of the transducer and the boundary L1 of A1 is set to be 3.5 cm. The oscilloscope received the sound waveform shown in Fig. [5](#thc-28-thc209007-g005){ref-type="fig"}b. The horizontal axis and the vertical axis of the figure represent time (10 $\mu$s/div) and measured voltage, respectively. The transducer detected the sound pressure signal. There are four obvious wave clusters of the wave which begin around 25 $\mu$s and end at about 46 $\mu$s, matching the spaces from the two outer boundaries of the phantom to the position of the transducer. Its first wave cluster corresponds with the acoustic signal from the change boundary of conductivity from oil-L1 to the transducer. The second wave cluster occurs about 30 $\mu$s, corresponding with the acoustic signal from the change boundary of conductivity from l1-oil to the transducer. The third wave cluster occurs about 37 $\mu$s, corresponding with the acoustic signal from the change boundary of conductivity from oil-l2 to the transducer. The fourth wave cluster corresponds with the acoustic signal from the change boundary of conductivity from L2-oil to the transducer. The acoustic signal agrees with the propagation delay of the sound wave. It indicates that the waveform is generated by the experimental target, and this can display the change information of its conductivity.

In the pork experiment, a piece of fresh pork was bought from a supermarket as the target. Figure [6](#thc-28-thc209007-g006){ref-type="fig"} shows the positional relationship between the pork and the transducer. The length of the pork was about 2.5 cm in the y direction. The outer fat section a1 was about 1 cm length and the outer muscle section a4 was about 1 cm length in the y direction. The inner muscle section a2 and the inner fat section a3 were about 0.3 cm length in the y direction respectively. The conductivity of the fat tissue was very low around 0.02--0.03 S/m and the conductivity of the muscle was much higher about 0.55--0.62 S/m \[[@ref028]\]. The distance between the interface of the transducer and the pork boundary close to the transducer was set to be 3.5 cm.

Figure 7.Acoustic waveform from a piece of fresh pork.

Figure 8.Experimental results of fresh pork. (a) The imaging region. (b) B-scan ACTAI image with normalized scale of the tissue sample shown in (a).

The oscilloscope received the sound signal as shown in Fig. [7](#thc-28-thc209007-g007){ref-type="fig"}. The horizontal axis and the vertical axis of the figure represent time (10 $\mu$s/div) and measured voltage, respectively. There are five obvious wave clusters of the wave which begins around 25 $\mu$s and ends at about 44 $\mu$s, matching the distances from the two peripheral boundaries of the pork model to the position of the transducer. Its first wave cluster corresponds with the acoustic signal from the change boundary of conductivity from oil-a1 to the transducer. The second wave cluster corresponds with the acoustic signal from the change boundary of conductivity from a1-a2 to the transducer. The third wave cluster corresponds with the acoustic signal from the change boundary of conductivity from a2-a3 to the transducer. The fourth wave cluster corresponds with the acoustic signal from the change boundary of conductivity from a3-a4 to the transducer. And the last wave cluster corresponds with the acoustic signal from the change boundary of conductivity from a4-oil to the transducer. The acoustic signal agrees with the propagation delay of the sound wave. It indicates that the waveform is generated by the fresh pork target, and it can display the conductivity change information of the pork target.

The transducer is moved in the x direction from $-$10 mm to 10 mm in the step of 1 mm. The sample for imaging section is the red dashed box shown in Fig. [8](#thc-28-thc209007-g008){ref-type="fig"}a from Fig. [6](#thc-28-thc209007-g006){ref-type="fig"}. The B-scan image of this pork was produced from the collected acoustic signals as shown in Fig. [8](#thc-28-thc209007-g008){ref-type="fig"}b, which displays the changes conductivity information of the pork model with visible slanting fat-to-muscle interface and muscle-to-fat interface in good agreement with the real photograph of the pork model structure as shown in Fig. [8](#thc-28-thc209007-g008){ref-type="fig"}a. It displays that the boundary changes of the conductivity. The five x direction lines correspond to the five oil-fat-muscle-fat-muscle-oil interfaces. The lines reflect the changes from oil to a1, from a1 to a2, from a2 to a3, from a3 to a4, and from a4 to a5, respectively. The image also reflects the changes of half muscle and half fat in the a2 region. In addition, the signal wave clusters collected by the transducer as a result of the convolution between the sound pressure and the impulse response function of the transducer, the waveforms are generated from the abrupt pressure changes at conductivity boundaries. Consequently, the images have some artifacts and interface blurring.

5.. Conclusion {#S5}
==============

The feasibility and performance of the newly proposed ACTAI method was verified by computer simulations and experiment researches in thermoacoustic imaging from noninvasive pressure measurements. The theoretical formulas of ACTAI have been derived under the assumption of acoustic homogeneity. Therefore, the detection system is needed to further improve in sensitivity, in order to facilitate the application of this method in biological imaging. However, the present simulation and experiment results show the feasibility and effectiveness of the proposed ACTAI in a practical setting. A numerical simulation on low conductivity phantom has been investigated and an experiment setup with fresh pork close to the real human tissues has been conducted. In the simulation study, the signals from a low conductivity model were conducted. In the experiment study, the acoustic signals and B-scan images of the fresh pork were presented. The fresh pork model experiment demonstrates the effectiveness of the proposed approach. These results of the simulation and experiment studies provide a new approach for conductivity reconstruction of thermoacoustic imaging, and present one novelty imaging modality for the diagnosis of early disease to deeper penetration. Further studies would be conducted to establish the performance of ACTAI in biological tissues.
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